In this study, we investigate the enhancement of mechanical properties that shallow bi-angle, thin-ply laminates bring to fiber reinforced polymer composites. Coupon-and structurallevel tests are conducted along with numerical simulations. According to the coupon tests, we find that shallow bi-angle fibers and thin plies can increase the axial stiffness of laminates significantly at the cost of relatively small decrease in their transverse and shear moduli. For the structural tests, we fabricate composite wing structures using an out-of-autoclave vacuum assisted resin transfer molding process. By conducting static bending tests, we show superior structural performances of the wing structure that employs shallow bi-angle fibers and thinply fabric, compared to those that use conventional fiber-angle and thick plies. Shallow bi-angle and thin-ply technologies can open new routes to designing composite structures with improved stiffness and strength with fast and cost-effective fabrication processes.
Introduction
Carbon fiber reinforced plastic (CFRP) is a type of advanced composite, in which carbon fibers are embedded in a polymeric matrix material that holds the fibers together to form a material system capable of carrying loads [1] . These CFRP composites are particularly useful for aerospace structures due to their superb mechanical properties, such as lightweight, high strength, and durability against harsh environments. CFRP also holds a great advantage over other homogeneous materials for its tailorable mechanical properties.
This tailoring capability is achieved by orienting fibers in optimized directions. However, current industry practice recommends the use of limited fiber orientations in 0
• , 90
• , and
±45
• fiber angles, and laminate properties are controlled by varying the ratios of these four angles [2] . Furthermore, the black aluminum design rule has been widely adopted, in which we employ the equal amount of 0 • , 90
• , and ±45
• plies in CFRP composites [3] . This black aluminum approach, however, suppresses the inherent merit of CFRP composites, particularly the aforementioned tailorable nature and the design freedom of composites. In an aerospace wing structure, for example, the primary stresses developed under bending are tension or compression along the wing span direction, and there is no need to allocate a large amount of materials to the transverse-direction as guided by the black aluminum rule.
Similarly, in a fuselage structure, hoop stresses are ideally twice larger than the stresses in the longitudinal direction of the fuselage. Thus, the usage of the black aluminum approach will dilute the tailorable advantage of the CFRP composites.
In this study, we explore an alternative composite design approach based on non-conventional laminates made of shallow bi-angle plies. We specifically employ a ±25
• -ply laminate, in which the shallow-angle cross plies are bundled together in the form of non-crimped fabrics.
These shallow bi-angle fabrics are axially stiff, yet they retain transverse and shear stiffness.
Thus, we can create a hard laminate -a laminate with high axial stiffness -just by using two ply orientations, instead of using the combinations of the classical four ply orientations.
Due to the reduced ply angle, we also expect relaxed stress concentration and stiffness mismatching in the shallow-angle laminates, resulting in less micro-cracking, tougher laminate, and less delamination. Additional impact of the shallow-angle laminates is easier and faster fabrication of composites. For an automated tape-laying process, for example, we can avoid four-axis lay-up by dropping single-axis bi-axial plies, which will result in significant time and cost saving [4] .
Besides the shallow bi-angle approach, we also incorporate thin plies into our nonconventional laminates. With a recent development in carbon fiber tow technology, thin tows with one-third the thickness of conventional tows are made available [5] . This thinning process of the tows improves the mechanical properties of the laminates. This is because of the increased homogenization of the laminates as their ply thickness decreases. Researches have shown that benefits of the thin-ply include increased elastic modulus, tensile strength, and resistance against fatigue cycles [5, 6, 7, 8] .
To demonstrate the advantage of the shallow-angle, thin-ply laminates, we first conduct coupon tests under uni-axial loading frames. 
Chapter 2 Coupon Tests
The goal of the coupon tests is to characterize the differences between shallow ±25
• bi-angle and conventional ±45
• bi-angle laminates, and between thick-and thin-ply laminates. Three types of carbon fiber fabrics are tested for this purpose. Their details are tabulated in Table 2 .1, and they are referred to as 'Shallow-Thin', 'Conventional-Thin', and 'Conventional-Thick' in this study, depending on their fiber orientations and ply thicknesses. Coupons are made by first fabricating composite panels using the VARTM method.
Epoxy resin (EPIKOTE MGS RIMR 135) system is used for all coupons, and the curing is done in room temperature. Next, fiberglass tabs are applied to the panels using steel epoxy (JB-weld), per ASTM standards [9, 10, 11] . Once the epoxy is cured, panels are cut into standardized dimensions (15 mm × 250 mm for tensile coupons, 10 mm × 140 mm for compressive coupons, and notched 20 mm × 76 mm for shear coupons).
All coupon tests are conducted in accordance with ASTM standards: ASTM D3039 [9] , ASTM D3410 [10] and ASTM D5379 [11] for tensile, compressive, and shear tests, respectively.
The number of specimens used for each case ranges from six to fifteen. Instron 5585H serves as a testing frame. For plotting purpose, we post-process the data using locally weighted scatterplot smoothing (loess) method. This smoothing process affects the material properties from the data by less than 0.01%.
Comparison of [±45] n laminates with [±25] n laminate
In Figure 2 .1, we plot average σ− curves of tensile tests of coupons made with 'Shallow-Thin'
and 'Conventional-Thin' fabrics ( [±45] laminates demonstrate pseudo-ductility due to the scissoring of fibers [12] . The strain and stress corresponding to this pseudo-yield point, σ y and y respectively, are identified using 0.1% offset method [12] . This method uses the slope of the Young's modulus for a curve, offsets it from the origin by the strain of 0.1%, finds the intersection between the offset line and the original curve, and identifies it as pseudo-yield point. The Table 2 . 4 . We find that the thin-ply coupons have noticeably less deviations in Young's modulus, ultimate stress (σ x,ult ), and ultimate strain ( x,ult ) than the thick ply coupons as evidenced in standard deviations.
Increase in ultimate strain and strength when using thin-ply, as seen above, can be attributed to the decreased magnitude of free-edge effect. Theoretical work by Pipe and
Pagano demonstrated that the magnitude of free-edge effect increases with increasing ply thickness [8] . This implies that decreasing ply thickness while keeping the laminate thickness and the ratio of the angled plies equal can decrease the magnitude of the out-of-plane shear 
Chapter 3 Structural Tests
In the previous section, we observed the improvement of mechanical properties of shallowangle, thin-ply laminates in a coupon level. We now demonstrate how such advantages in the coupon test are translated into a structural level. For this, we conduct both experimental and numerical tests by using a simplified wing structure that employs combinations of conventional and shallow-angle, and thick-and thin-plies. Note that the wings fabricated in this study are far from typical composite wings, where their structural performances are optimized using complicated lamination and ply drop-off [14] . Nonetheless, we use simple lamination using a single type of fabric for each wing skin. This is to better observe the differences of structural performances between the non-conventional and the conventional laminates attributed by the change of fabric types.
We first design, manufacture, and test wing parts for experimental verifications. NACA 63-618 airfoil is chosen for the profile of our wing, considering its common usage in low speed applications. An illustration of different wing components is given in Fig. 3 Photos of bonded joints can be seen in Fig. 3.1 .
In this study, we fabricate three wings, and the variable among them is the type of fabric used in the skin lay-up. The first wing uses thick plies throughout the wing structure using conventional ±45
• lay-ups. The second one uses thin plies, while maintaining the same layup profiles. The last wing employs a synergistic wing structure, which adopts shallow-angle (i.e., ±25 • ), thin-skin laminate in the bottom skin of the wing. In this paper, we refer to these three test wings as Thick 45, Thin 45, and Thin 25-45 wings, respectively, as tabulated 
Thin 25-45 C-Ply TM ±45
• NCF C-Ply TM ±25
• NCF C-Ply TM ±45
• NCF 4.9 in 
±45
• fabric is 8.0 mm thick. This, along with excess amount of adhesive used during the assembly, make differences in weight and stiffness, and such weight-variation effect is taken into account during analysis by normalizing stiffness values by weights.
To assess the structural performance of the wings, we conduct static bending tests. For this, test jigs are designed so that they can constrain a wing stably and load it into a bending along its span direction. The material for jigs is a polyester resin and chopped carbon fiber composite. They are cured on the same molds that are used for test wing fabrication. As a result, they have the same airfoil profile. we also measure the displacements of the both ends of the wing span using the vibrometer, and we subtract these global deflection values from the measured central wing deflection.
This way, we obtain the information of the pure deflection of the wing center. 
Chapter 4 Wing Test Results
In this paper we only consider span-wise bending and not chord-wise bending or torsion of test wings. The setup can be analyzed as a four-point beam bending problem, where the
, where W is the load applied and δ is the deflection measured at the center of the wing. By applying similar analysis to the load-deflection curves from our numerical simulations, we can computationally compare the span-wise bending stiffness of our wing prototypes. and Thin 25-45 to 6.9 % and 39 % respectively (Table 4. 2). These numerical results are in qualitative agreement with the experimental results.
Both experimental and numerical results are in line with those gained from our coupon testing. Coupon tests suggest that thin-ply does not have significant improvement in the stiffness, which is the case for Thin 45 wing when only stiffness is compared. Nonetheless, thin-ply does seem to result in the improved stiffness-to-weight ratio, 25 % in experiment and 6.9 % in simulation. In addition, we expect that thin-ply will increase the failure strength and strain of a wing greatly, though we did not conduct this failure tests in this study. The test results also prove that ±25
• fabric can be used effectively in wing structures. By changing one side of the wing skin from ±45
• to ±25
• fiber orientation, the structure's span-wise The difference between experimental and numerical simulation results can be attributed to the inconsistent manufacturing quality introduced in the assembly of test wings. Also, our numerical model does not account for the accurate mechanical properties of adhesives. All bonding surfaces in our numerical models are assumed to form perfect bonding using tie constraints, making simulation wing structures stiffer than the real test wings with deformable adhesive in bonding surfaces.
We would like to emphasize that all fiber orientations used in our wings are achievable by one-axis lay-up. Yet we can tailor laminate properties from soft laminate to hard laminate with ease. This confirms that the non-conventional laminate introduces a new way to optimize structures in engineering applications, while reducing manufacturing time and Chapter 5
Conclusion
In this paper, we tested non-conventional laminates made of shallow-angle and thin plies to show their mechanical advantage above the conventional fabrics. We first conducted coupon level tests under uni-axial loading frames. We then fabricated a wing structure made of various combinations of thick-/thin-and conventional-/shallow-angle plies. According to the coupon level tests, it was evident that shallow-angle, thin-ply technology can increase failure stress and strain of a laminate by improving homogenization and reducing free-edge effect. We found that ply thickness does not have a significant effect on laminate Young's modulus. It appeared that thin-ply improves quality of a laminate to behave more consistently and predictably. Shallow bi-angle fabric introduces a new way to create hard laminate. Our coupon tests showed that compared to ±45
• laminate, ±25
• laminate had ∼300 % increase in axial modulus only at a cost of 25 % decrease in transverse modulus. One disadvantage of shallow bi-angle fabric is that off-axis fibers are discontinuous when multiple rows of fabric are used in a structure. This can, however, be overcome potentially by a staggering layup of bi-axial tapes. Based on the structural level test, we demonstrated that the shallow angle fabric can increase the structure's longitudinal bending stiffness significantly. Specifically, the hybrid wing composed of thin-ply ±25
• and thin-ply ±45 This thesis is based on the manuscript to be submitted to AIAA by the author.
